INTRODUCTION
Mycoplasmas are distinct bacterial microorganisms, small in size (0.2 -0.3 µm) and devoid of both cell wall and motility appendages (1, 2). When Mycoplasmas were initially studied, their small size permitted their passage through micro-filters that blocked other bacteria. This mistakenly led scientists to believe that Mycoplasmas were viruses. In the 1950 and early sixties it was established that Mycoplasmas are bacteria (3) . In addition, Mycoplasmas are characterized for their possession of the smallest known genomes and distinctively low G+C contents (4) . Biomedically, several pathogenic Mycoplasma species were discovered to be active in human microflora and were associated with diseases such as AIDS, urogenital diseases and cancer (2). However, the discrete mechanisms of Mycoplasma pathogenicity are yet to be understood (5) . The organism evades immune system response by establishing residence in white blood cells. Once in the circulation, Mycoplasma can cross the blood-brain barrier and infiltrate the cerebral spinal fluid (6) . Once inside the host Mycoplasma starts to compete for nutrients. In addition, the presence of Mycoplasmas in hosts' cells might lead to DNA mutations.
Like retroviruses, Mycoplasmas have the capacity for cellular invasion, self-replication and the initiation of a variety of immune responses (7) . However, Mycoplasmas, unlike viruses, are viable in body fluids and do not require living cell hosts for DNA replication and growth. Whereas viruses can demonstrate high specificity to their host organ targets, the Mycoplasma pathogen has a high degree of adaptability to many regions of the body. Thus, Mycoplasmas can be termed "stealth pathogens" (6) . The small genome size has made Mycoplasma ideal for genomic studies facilitating rapid and cost-effective completion of the sequencing of entire bacterial genomes and producing vast quantities of relevant data. In this review we provide a primer on genomics and informatics of Mycoplasmas.
MYCOPLASMA GENOMICS

Mycoplasma Genome Sequencing: a historical perspective
With the smallest known genome sizes Mycoplasma offers a unique model for examining the minimal requirements for establishing life. Early attempts of deciphering Mollicutes genomes were primarily based on physical mapping synthesized from genomic sequence fragments (8, 9) . Morowitz began studies to define the comprehensive cellular machinery of Mycoplasma in 1984 (10) . By the early 1990s, laboratory groups at Harvard University focused their sequencing efforts on the M. capricolum genome. However, this initiative was curtailed in 1995 as a result of technical limitations. To understand genome organization and DNA repeat distribution, researchers at the University of Heidelberg sought to sequence the pathogenic species M. pneumoniae using a cosmid library. This sequencing approach was successful in identifying approximately 90% of the organism genome and spanned approximately 720 Kbp (11, 12) . However, the exact size of the pathogen genome was not fully characterized by that time. Other studies estimated the genome size of the M. pneumoniae to contain close to 800 Kbp (13, 14, 15) . In 1995 a group from The Institute for Genomic Research (TIGR), utilized a new shotgun sequencing technique considered a breakthrough in genome technologies. This technique offered improved reliability and speed in obtaining the comprehensive genome sequence within 6 months (16). This technology involves cloning and sequencing of small sheared DNA fragments which can subsequently be arranged into contigs and supercontigs. This technology incorporates computational biology, making use of computational algorithms to assemble sequenced fragments (17) . This technique has subsequently facilitated the completion of close to 50 complete genomes of prokaryotes including Mycoplasma, which are currently available (at www.NCBI.nlm.nih.gov). Mycoplasma genomes (Table 1) along with other families of prokaryotic genomes provide templates for comparative genome and evolutionary analyses (18).
Genome sizing and genomic redundancies
Within the class Mollicutes, Acholeplasma and Spiroplasma species, thought to be older on the evolutionary hierarchy, have larger genomes than Mycoplasma. S. ixodetis has 2,220 Kb in comparison to M. genitalium's 580 Kb (19, 20) . The correlation between genome size and phylogenetic rank remains a source of controversy (21) prompting scientists to develop several hypotheses. One theory holds that genome reduction may have resulted from evolutionarily driven loss of genomic information. It was further hypothesized that this loss may have forced the species to adopt a parasitic modality (22) . Genomic degeneration can explain the concept of reductive evolution (23) . However, in vitro studies demonstrate an absence of correlation between genome size and adaptation in non-parasitic environments (21) .
The exact mechanism of Mycoplasma genome size reduction is not completely understood. It is argued that many factors contributed to shaping the final size of each Mycoplasma, including the dynamic behavior of repetitive elements and integration of viral sequences and mutations (23, 24, 25, 26, 27) . Variation in the spectrum of Mycoplasma size and mode provide an ample opportunity to explore the functional content of the genomes and the evolutionary relationships between them (28). Small genomic size allows for easy handling with current computational capacity. Comparative studies frequently show that most bacterial proteins are highly conserved. This facilitates functional assignment to coding regions by homology. Interestingly, the number of genes required for certain cellular function is often independent of genome size, demonstrating that proscribed discrete protein functional pathways may be required for basic homeostasis. With more complex amino acid biosynthesis and energy metabolism, the machinery for protein synthesis often increases with genome size (29). Knowledge about the function and number of genes required for maintaining basic cellular machinery, in general, would allow for composite identification of the essential gene set sufficient for sustaining cellular life.
Understanding the evolution of small, or "reduced genomes", may aid in defining genes essential for minimal cellular requirements and associated pathways.
M. genitalium possesses the smallest genome known to date (16) and hence was selected as a model to study these phenomena. Comparisons between M. genitalium and other small genome pathogenic prokaryotes, such as H. influenzae, indicate a possible common source ancestry. Phylogenomic studies of the two genera show that separation likely occurred approximately 1.5 billion years ago. In addition, comparative genome analysis shows that both have approximately 240 genes in common (30). The larger E. coli genome also has a similar number of translational proteins. This indicates that strict functional constraints imply high degrees of sequence conservation (31). On the other hand, this level of sequence conservation was reduced in other functional categories, including cell envelope and cytoskeletal proteins. Genes in certain metabolic pathways have been relegated to the set of minimal genes required for a "modern-type" cell (16, 30) . Some scientists further argue that M. genitalium may yet contain up to double the number of genes requisite for modern life, (22) based on the finding that some genes have host-parasite interaction function. The maintenance of a The loss of genes from the genetic set is termed reductive evolution. Such loss can confer a negative independent viability, such as in the case of the loss of a cell wall in Mycoplasma. The presumed corresponding adaptation to this loss appears to be the membranous incorporation of large quantities of exogenous cholesterol (2). M. pneumonia retains 54 of the 105 genes associated with cell wall construction, which may suggest that reductive evolution is ongoing. Ongoing proteomics analysis on large numbers of M. pneumoniae trans membrane domains can lend more insight into the suggested adaptive process (31). It is still premature to characterize these genes as relics of a pre-adaptive genome. The loss of certain gene sets, such as those in amino acid biosynthesis and lipid metabolism, also implicate a transfer of dependence for nutrient acquisition to host organisms (15, 31) . Whether genome reduction occurred from the progression to parasitism or as a result of transition to the parasitic modality has yet to be determined. The relation between the environment and how environmental factors and mode of living would shape genome evolution is still a hot research subject. Thus, the entry of one organism into the body of another organism, where nutrients are available, can precipitate an alteration in genetic expression. This is characterized as reductive evolution. Mycoplasmas seem to have evolved in this reductive direction, from a large genome with many genes to a smaller one with reduced genes. This supports the theory that Mycoplasma genomes were altered in response to the environment.
Intra-and inter-genomic rearrangements: an added advantage
Homologous recombination may have fostered rapid evolution of the Mycoplasma genome. This event involves sequential exchange and rearrangement between portions of DNA molecules and chromosomes. Hot spots for recombination have been identified in genomes that include Mycoplasma pneumoniae, Mycoplasma genitalium, Ureaplasma urealyticum and Mycoplasma pulmonis. For example, homologous recombination is seen in genetic loci coding for adhesion proteins by M. pneumoniae and M. genitalium (25) . This event occurs in distant repeats within the genetic coding regions. These repeats correlate well recombinations associated with surface antigenic variation. Such hot spots are akin to on/off switches employed by pathogenic bacteria (21) . High-frequency phase (2) and antigenic variation, which result in surface diversity, are believed to further Mycoplasma virulence and pathogenesis by enhancing host evasion (2, 25). In addition to carrying out intra-genomic rearrangement, Mycoplasma genomes can undergo horizontal gene transfer. Several studies indicate that horizontal gene transfer plays a major role in the transfer event of coding DNA sequences exchanged between Mycoplasma species and parasites (33, 51). This feature may establish a framework for molecular evolution and host-parasite relationships (52, 4) . This method of gene transfer was observed in both M. synoviae and M. gallisepticum avian pathogens (33).
Divergent Mycoplasma strains may demonstrate increased predilection to recombine due to missing DNA mismatch repair system proteins such as MutSLH (25) , which serves as a recombination barrier between divergent sequences (21) . This may explain the increased recombination frequency of close repeats, which was noted in the vsa locus of M. pulmonis (25) .
G+C content and oligonucleotide frequencies: species-specific characteristics
Genomic signatures are short oligonucleotide sequence repeats found throughout prokaryotic genomes. The nature of the genomic signature is often speciesspecific (34). Differences between species from various genera are often much larger than those within a genus. One salient exception is observed when analyzing the genomic signatures of M. genitalium, M. pneumoniae and M. pulmonis, where signature variations between species are comparable to those of different genera (35). Also, there is variation in alternative synonymous codons among species, and within a single genome. Bacteria display diverse genomic G+C content and this directly impacts codon translation. Codon frequencies may harbor bias from factors that include mutations, selective pressure and genetic drift (36). One comparative study on Mycoplasma and prokaryote genomes hypothesized that codon usage and amino acid composition have a direct relationship when G+C content is expressed in excess of a twofold difference. For example, the four amino acids glycine, alanine, proline, and arginine are often highly expressed with G+C-rich codons.
Similarly, the amino acids isoleucine, phenylalanine, tyrosine, methionine, and aspartic acid are associated with A+T-rich genome sequences (29). Mycoplasma genomes tend to possess low G+C content, expressed at a level of 24% to 33 % (Table  1) , and use the genetic codon (T) UGA for tryptophan (38) . Intergenic regions are known to exhibit higher A +T content than the coding regions (39) (40) .
One unique feature displayed in several Mycoplasma genomes is the methylation of the genomic cytosine residues. M. pulmonis contains simple short repeats (SSR) for putative CpG-specific methyltransferases (41) . In the past, complete methylation was deemed to be characteristic of eukaryotes. CpG -specific methyltransferases may aid in gene expression regulation. In eukaryotes, CpG regions are mutational hot spots, which are often absent in regions of low numbers of gene expression (42) . A number of Mycoplasma genomes have been reported to show high CpG avoidance (25) . Collectively, this may partially explain the low G+C content of their genomes.
MYCOPLASMA AS A MODEL FOR GENOMICS RESEARCH
The rationale behind the use of Mycoplasma models to define, in molecular terms, the entire machinery of a living cell (10, 21) stems from its parasitic efficiency and genomic characteristics, which are discussed in this section.
Minimal genome with high parasitic efficiency and taxon-related genomic heterogeneities
Despite their diminutive genome size, pathogenic Mycoplasmas generate DNA rearrangements and participate in genetic variation to maximize their genetic coding potential (2). While the human pathogen M. genitalium is merely 580 Kb long and contains 470 predicted coding sequences, it is still effective in engaging in a parasitic mode of life and is functional in attachment and defense (22) . Systemic modifications resulting in "reductive evolution" (43) may explain why the M. genitalium genome carries only one gene associated with amino acid biosynthesis, and few genes for synthesis of vitamin and nucleic acid precursors. This distinct lack of genetic upregulation of the fatty acid biosynthetic pathway correspondingly makes the organism dependent on fatty acids supplied by the host. This results in a changed membrane fluidity structure and permits macromolecular entry. Similar adaptations are observed in the genetic regulation of ATP metabolism required for parasitic modes of life (21) .
M. genitalium, M. pneumoniae and U. urealyticum are related pathogens that invade human mucosa. These pathogens have helped to define the essential functions of a self-replicating minimal cell, and more specifically characterize the definition of Mycoplasma. Studies of energy generation and ATP synthesis in U. urealyticum reveal six closely related iron transporters. These transporters appear to have arisen by gene duplication, suggesting that it harnesses a unique respiration system in comparison to other small genome bacteria (44) . Comparison between U. urealiticum with M. pulmonis indicated that U. urealiticum has only one set of rRNA genes and 29 tRNA genes. A number of genes thought to be essential for a viable self-sufficient minimal cell are absent from M. pulmonis (45) . Additional genetic diversity can be found in the high degree of variation in the RNase P RNA structure, which in vitro acts as an efficient ribozyme (46) . Further genomic analysis indicates that in many natural isolates of Mycoplasmas, there is substantial genetic heterogeneity (47, 48, 49) , which is necessary for allowing parasitic infection and/or evading host immune response functions (50).
Codon patterns and usage
The presentation of high G+C content between genes may impact intragenic codon expression. This is based on the assumption that stop codons that are A+T-rich occur less frequently in G+C-rich exons. It is also predicted that the effects of mutation has a direct impact on the stop codon frequency and distribution, though applicability extends only to the last coding exon (53) . Correlation patterns between genome characteristics and codon usage patterns have been studied in both vertebrate (54, 55) and invertebrate species (56) . Prokaryote gene expression level correlation with codon usage (57) is particularly important for differentiating how essential a gene may be for determining viability. Codon usage can represent evolutionary progression of the development of an organism. Spiroplasmas use T-and A-terminated codons preferentially in sequences reflecting low G+C content (32 mol%). Certain viral promoters sequences, such as that embedded into the SpV4 genome, have high homology to eubacterial sequences, indicating that Spiroplasmas are derived from bacteria (58, 59) . Interestingly, M. capricolum codon distribution differs from that of E. coli in its heavy bias toward A and U (T), with approximately 91% of codons containing A or U in the third slot. UGA, a universal code for "stop", is found in higher frequency than UGG to code for tryptophan (60) .
M. genitalium demonstrates suppressed CpG coding in comparison to M. pneumoniae. This is likely a result of global considerations, such as the maintenance of DNA stability. Such considerations can explain biased codon usage (61) . While compositional pressure may be a singular factor in shaping codon usage in unicellular species displaying extremely biased genomic compositions, further investigation into Mycoplasma genome sequence variation might offer further clues on codon usage profiles and the basis for interspecies divergence.
DEVELOPING APPLICATIONS OF THE MYCOPLASMA RESEARCH
A minimal, self-replicating and fully sequenced genome makes Mycoplasma a very good candidate for development in genetic engineering projects (16) . Mycoplasma genome structures can be modeled for understanding more complex organisms (62) . In addition, a composite minimal gene set can be used for construction of the so-called "synthetic" microorganism (32). Along these lines, the Craig Venter Institute, USA, is endeavoring to construct such a "synthetic" organism by sequentially knocking out gene after gene to identify essential gene synthesis arrays in the set (63). The rationale behind a "minimal" organism generating performing targeted functions such as bioremediation, with maximal energetic efficiency. However, this type of research should occur with proper oversight so that "alien" species with unpredictable ecological and biological impact do not become threats (64) . Unfortunately, development of genetically engineered pathogenic bacterial and viral strains could develop into biological weapons requiring constant public vigilance (62) . At the same time, genetic engineering of these bacteria can also be beneficial in mapping evolutionary change, cellular functions and host-pathogen interactions (16) . Targeted treatments for infectious diseases, therapeutics, and vaccines can be developed using microbial genetic manipulation (65) . M. genitalium has been used for in vitro gene insertion studies (66) . One interesting application for M. genitalium has been NASA's use of this species as a benchmark for Mars Rover detection of small microbes in space (67).
BIOINFORMATICS RESOURCES FOR MYCOPLASMA
Currently there are many bioinformatics resources on Mycoplasma genomics (Table 2) . One central resource is the Mycoplasma Bioinformatics Resource Center at the University of Alabama in Birmingham, which contains the complete M. hypopneumoniae genome. This center also provides analysis and annotation of 
7.
MYCOPLASMA GENOMICS: FUTURE PERSPECTIVES
Recent Mycoplasma genome projects have brought us closer to deciphering, in molecular terms, the machinery of a self-replicating cell and minimal genomics requirements for life. These projects have contributed to our understanding of Mycoplasmas molecular biology and their evolutionary history, while lending insight into studying adaptive mechanisms in genomic redundancy and structural plasticity. There appears to be valid genetic support for the theory that Mollicutes evolved from a branch of gram-positive bacteria by a process known as "reductive or degenerative evolution". During this process, Mycoplasmas lost considerable portions of their chromosome ancestry, yet retained genes essential for special modes of life. As such, Mycoplasma genome carries a high percentage of conserved genes, facilitating gene identification and providing a unique example of evolutionary success. Their wide distribution in nature and their highly conserved genome seem to support this presumption. Finally, the rising number of fully sequenced Mycoplasma genomes and the reengineering potentials of these genomes offer opportunities for further genetic manipulations and biotechnological exploitations.
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